We report a 100-W-level, repetition rate and pulsewidth tunable, all-fiber, thulium-doped master oscillator power amplifier system. The master oscillator was actively Q-switched by a fiber-coupled acousto-optic modulator. The generated pulsewidth could be tuned from 1.16 m to 46.3 ns by adjusting modulation repetition rate from 1 kHz to 2 MHz, and the pulse repetition rate (PRR) can also be tuned from 1 kHz to 2 MHz, correspondingly. The maximum output power could be boosted to 9 110 W (slope efficiency of $55%) through three-stage thulium-doped fiber (TDF) amplifiers at PRR from 100 kHz to 2 MHz. The spectrum bandwidth was about 0.8 nm at the maximum output power without obvious indication of nonlinear effects. To the best of our knowledge, this is the first demonstration of 9 110-W, all-fiber, actively Q-switched TDF laser, and it has realized the largest tuning ranges both with the pulsewidth and the PRR.
Introduction
High power fiber lasers have attracted intense attention due to their high conversion efficiency, easy heat dissipation, good beam quality, robustness, and so on. Up to now, the output power has improved dramatically, and the operating wavelength has also extended beyond 2-m wavelength [1] , [2] . Particularly, thulium doped fiber (TDF) lasers emitting eye-safe wavelengths from 1700 nm to 2100 nm exhibit wide applications, such as differential absorption radar, polymeric material processing, mid-infrared generation, laser medicine, and so on [3] - [6] . So far, the output power of continuous wave TDF laser has exceeded kilowatt level [7] ; the power of singlefrequency TDF master oscillator power amplifier (MOPA) has achieved 608 W [8] . Meanwhile, ultra-short pulse generation of TDF lasers and their power scaling have been studied worldwidely for their high peak powers. Liu et al. achieved the average power of 120.4 W, 16 picoseconds pulsed TDF amplifier [9] . The picosecond, all-fiber oscillator was mode locked by a semiconductor saturable absorber mirror with a high PRR of 333.7 MHz by a short linear cavity to reduce the nonlinearity in the power amplifiers. Stutzki et al. in Jena University demonstrated a high power TDF chirped-pulse amplification system with average output power of 152 W and pulse peak power 4 MW [10] . This is the reported highest average output power at femtosecond region with TDF laser. However, for the long pulse duration TDF lasers, the output power has not reached such a high level. To generate the nanosecond pulse, Q-switching and gain-switching are the most effective approaches. Some researches about the gain-switched thulium doped fiber laser have been reported, but the output powers mostly are at tens of watt level [11] - [15] . Eichhorn reported a diode-pumped Q-switched thulium doped double-clad silica fiber laser [16] . The output power was 30 W at the pulse width of 41 ns and PRR in the range of 10-125 kHz. Stutzki et al. also demonstrated a 2.4 mJ, 33 W (at 13.9 kHz PRR) actively Q-switched TDF laser. The pulse width was 15 ns, corresponding to a peak power of more than 150 kW [17] . Recently, Tang reported a two stages 2 m TDF amplifier seeded by an acousto-optic modulator (AOM) modulated narrow bandwidth pulsed laser. The maximum output power was 52.3 W at 50 kHz repetition rate [18] . This is the reported highest output power of TDF laser based on all-fiber structure at the nanosecond region.
In this paper, we experimentally demonstrate a stable all-fiber actively Q-switched TDF laser emitting at 1950.2 nm. The seed laser was actively Q-switched by a fiber-coupled AOM, and the output pulse width can be tuned from 1.16 m to 46.3 ns with the increased PRR from 1 kHz to 2 MHz. The milliwatt level laser output power was scaled to over 110 W with a slope efficiency about 55% by a compact, all-fiber, three-stage, thulium doped MOPA system. The output power was currently limited by the available pump power. For the stable hundred-watt output, the PRR could also be tuned from 100 kHz to 2 MHz, corresponding to a pulse width tunable range from 2.9 m to 51.1 ns. No apparent indication of nonlinear effects could be observed at the maximum output power, and the spectrum bandwidth was about 0.8 nm.
Experimental Setup
The schematic setup of actively Q-switched seed laser is shown in Fig. 1 . The cavity was a traditional linear cavity composed of a high reflection mirror (HR) and a fiber Bragg grating (FBG). The FBG acted as the wavelength selecting component and coupling output with 22% transmission, 0.7-nm 3-dB bandwidth at 1950.2 nm. The 1567 nm pump light was coupled into 1.5 m long thulium doped single mode fiber (TSF) with core absorption about 15 dB by a 1560/1950 nm wavelength division multiplexing (WDM). The fiber coupled AOM was directly spliced with the fiber-coupled HR and the TSF. The radio frequency signal could be tuned from 1 kHz to 2 MHz.
The schematic setup of the high power nanosecond all-fiber thulium doped MOPA is depicted in Fig. 2 . The Q-switched laser pulses were fed to the first stage pre-amplifier through a polarization independent isolator (ISO), which can protect the seed laser from reflected signal. The 3 m long single mode double-clad TDF had core diameter of 10 m and inner cladding diameter of 130 m; the core and cladding NA were 0.15 and 0.46, respectively. The cladding absorption was 3 dB/m at 793 nm. The pump source was a fiber pigtailed multimode diode laser at 793 nm with a maximum output power of 16 W. A ð2 þ 1Þ Â 1 pump combiner was used to deliver pump light and signal into the single mode double-clad TDF. Following the active fiber, a cladding pump stripper (CPS) was utilized to strip the unabsorbed pump light to protect the ISO. The second pre-amplifier stage was similar to the first except that it had two 16 W diode lasers as pump sources. angle polished end-cap was used as the output end to avoid unwanted 4% Fresnel reflection. The total third stage was fixed on the water cooled heat sink to prevent the heat-induced damage. The output power was measured by a power meter and spectra were detected by a Fourier transform infrared spectrometer (Bruker, Tensor 27) with resolution about 0.2 nm. The pulses were monitored by a 1 GHz oscilloscope and a 12.5 GHz InGaAs photodetector (EOT, ET-5000).
Experimental Results and Discussions
The radio frequency signal had a tunable range from 1 kHz to 2 MHz in our experiment which determined the output PRR of the actively Q-switched thulium doped fiber laser. The 1567 nm Er/Yb co-doped fiber amplifier seeded by a 1567-nm DFB laser diode could emit output power up to 2.5 W. When opening the AOM, stable pulse train could be easily obtained at the higher modulation frequency by adjusting the pump power. However, one or two, even thirty eight sub-pulses could be induced at a lower modulation frequency (lower than 50 kHz) when pumped at a higher level. This phenomenon may be due to the relaxation oscillation. At the lower modulation frequency, the pulse to pulse period was enlarged, but the pumping went on. So, the energy storage time was prolonged. When exceeding the lasing threshold even at lower Q factor, the relaxation oscillation would be induced showing as the sub-pulses. Fortunately, these sub-pulses could be eliminated by reducing the pump power to decrease the number of particles in the upper level. As a result, stable pulse train could also be obtained at the PRR as low as 1 kHz. The typically actively Q-switched pulse train and single pulse profile at different PRRs are shown in Fig. 3 .
It can be seen from Fig. 3 that stable Q-switched pulses can be obtained at the PRR from 1 kHz to 2 MHz. The pulses could be stably operating for more than one day. This stability shows that it can be utilized as a seed laser for power boosting. The single pulse profile in the right side of Fig. 3 shows that the pulse width decreases with the increase of PRR (also shown in Fig. 4) . The pulse width was about 1.16 m at the PRR of 1 kHz. Nevertheless, it could be narrowed to 46.3 ns at the PRR of 2 MHz due to the fast modulation. It follows that the pulse width has a wide tunable range from 1.16 m to 46 ns corresponding to a tunable PRR range of 1 kHz-2 MHz.
The output power of the actively Q-switched seed laser verse the PRR at the pump power of 2.5 W is also illustrated in Fig. 4 . The maximum output power was 22.3 mW at the PRR of 100 kHz. But, it sharply decreased to 0.38 mW at the PRR of 2 MHz with the same pump power. For the PRR lower than 100 kHz, the output power was also milliwatt level with a lower pump power (less than 2.5 W). Besides, the slope efficiency was barely about 0.9% even at the maximum output, which was mainly caused by the high insert loss of the fiber coupled AOM (about 6 dB). Nevertheless, such a low output power is enough to feed the pre-amplifier stage. The embedded figure in Fig. 4 shows laser spectrum at different PRRs, which centers at $1950.2 nm and has full width at half maximum (FWHM) of $0.7 nm, roughly corresponding to the parameters of the utilized FBG.
Then, this milliwatt level actively Q-switched seed fiber laser was boosted to hundred-wattlevel output through the three stages MOPA system as shown in Fig. 2 . Whereas, the fiber nonlinear effects would be very easy induced even at a low output power when the Q-switched fiber laser operated at the lower PRR (lower than 50 kHz). The minimum PRR that could be scaled to hundred watts level was $100 kHz in our experiment. The amplified pulse train and single pulse profile at different PRRs with maximum output power (9 110 W) are illustrated in Fig. 5 . Compared with Fig. 3 , the pulse widths show some broadening, especially at lower PRR (i.e., 100 kHz). Moreover, the corresponding pulse envelope also distorted severely. This phenomenon may be caused by the radiation present outside of the pulses and the amplifier is not operating with great temporal quality at this power level. Unfortunately, the continuous wave components at the output of the amplifier cannot be measured due to the limited equipment [19] . Whereas, the amplified pulse envelope becomes cleaner and more stable at higher repetition rate, seen in the cases with PRR of 500 kHz, 1 MHz, and 2 MHz.
After two stages of pre-amplifications, the seed power was scaled to 7.5 W. Fig. 6 shows the average output power of the third power amplifier stage verse the incident pump power at these four different PRRs. The maximum average output power was 115.3 W (@ 1 MHz) at the incident pump power of 200 W limited by the pump power. And, at the PRR of 100 kHz, 500 kHz and 2 MHz, the maximum average output power were 112.4 W, 114.5 W, and 112.9 W, respectively. The output power increased almost linearly with the increase of pump power; correspondingly, and the slope efficiency was $55%. The slope efficiency can be improved by optimizing the length of TDF of the third power amplifier stage. Furthermore, the slope efficiencies were almost the same at different PRRs (100 kHz-2 MHz). Compared with directly high power active Q-switched fiber laser, the total light-to-light conversion efficiency can be largely improved by the MOPA system. Fig. 7 is the optical spectrum of the MOPA system at different PRRs with the maximum output power; the insert is the enlarged optical spectrum near the central wavelength. It can be seen that the output spectrum is nearly the same as the seed laser (Fig. 4) , and no obvious nonlinear effects appeared. The central wavelength was about 1950.2 nm with a spectrum bandwidth about 0.8 nm. This also demonstrates that this amplifier has the potential ability to scale the average output power to a higher level.
Since the oscillator was an actively Q-switched fiber laser based on robust AOM, the pulse can operate at a stable state for a long time. And, the all-fiber structure MOPA system is very compact and reliable enough for some desired high power applications, such as material processing, mid-infrared nonlinear research. 
Conclusion
In conclusion, we have demonstrated a stable all-fiber actively Q-switched TDF laser at 1950.2 nm by using a fiber coupled AOM. The pulse widths can be tuned from 1.16 m to 46.3 ns along with the PRRs ranging from 1 kHz to 2 MHz. Using this actively Q-switched fiber laser as a seed source, the average output power was boosted to more than 110 W at the PRR from 100 kHz to 2 MHz by a three stage MOPA. The minimum pulse width of 51.1 ns at 2 MHz was finally obtained. The slope efficiency of the third power amplifier stage was about 55%. The maximum output power was currently limited by the available pump power. To the best of our knowledge, this is the highest average output power level achieved by such an all-fiber actively Q-switched fiber MOPA system, and it is also the first demonstration of hundred watt level allfiber thulium doped fiber laser with so large a tunable range with both pulse width and PRR.
